This paper proposes a multi-phase charge pump for high voltage output applications. The simple topology combines a voltage doubler with an inverting charge pump that are paralleled to provide an output voltage that is three times the input voltage. The operation of the proposed topology and the effects of multi-phasing and varying duty cycle on the input current ripple, output voltage and current ripple as well as total harmonic distortion are analyzed using LTSpice simulation. Benefits and issues from the proposed configuration will also be discussed.
Introduction
In modern mobile and handheld devices, certain components require a high voltage input in order to operate. Standard boost DC-DC converters provide one method for high voltage generation but have a large footprint since they require inductors [1] . The charge pump circuit is a popular circuit topology that utilizes switches and capacitors to convert a low supply voltage to a high DC voltage output allowing for integration on silicon [2] . A classical method of generating high voltages with charge pumps is the Dickson charge pump shown in Figure 1 that relies on cascading several charge pumps [1] .
Figure 1. A 4-Stage Dickson Charge Pump
Other topologies like the Makowski charge pump and an n-stage multiphase voltage doubler, as seen in Figures 2 and  3 , also rely on cascading multiple stages of charge pumps in order to provide a high voltage output [2] . There is also the option of the Cockcroft-Walton voltage multiplier scheme on Figure 4 , which has the major disadvantage of requiring an AC signal generated either from an inverter subsystem, or have an already existing AC source. This paper investigates the possibility of using a parallel charge pump configuration to achieve a higher output voltage than the basic cascaded charge pump circuit. Analyses of different parameters such as output ripple, input ripple, and total harmonic distortion (THD) are done to determine the feasibility of a parallel charge pump with the proposed configuration. Section II provides information on parallel charge pumps. Section III introduces the multi-phasing technique. Section IV outlines a proposed design. Section V presents simulated data. Finally, Section VI concludes the investigation. 
DC-DC Charge Pumps
A basic configuration of a charge pump consists of capacitors and switches as shown in Figure 5 . The operation of a charge pump is a two-phase process. During Phase I, the two switches are connected to node I, which charges capacitor C1 to a voltage of VIN. During Phase 2, the two switches connected to node II, C1 transfers charge to the load capacitor CL and produces an output voltage that is two times the input voltage VIN [3] . The charge pump circuit performs a series charging and parallel discharging operation [5] .
Multiple-Phase Technique
When designing a charge pump, the output power and output current are two important features that need to be finetuned. Most traditional charge pumps have large input current ripple and output voltage ripple that can affect component sizes, especially capacitors, and overall system operations [6] . By introducing a phase shift to the switching pulses that control the switches, improvements to output voltage ripple and input current ripple can be achieved by the method seen in Figure 6 . With this method, a 90͒ phase shift was added to each switch of a four-phase voltage doubler to decrease the output voltage and input current ripple, as well as produce a more continuous input current. This method is known as the multi-phase technique. Operating a multi-phase technique to a converter has been demonstrated to allow the use of for faster switching frequencies, and hence reducing component size [7] . Another potential benefit of multi-phasing includes improved efficiency due to the lower turn-on and turn-off losses of the switches from a lower peak current when the input current is split evenly through the multiple phases [8] . From board layout aspect, the multiphase technique offers better heat distribution on the board due to the alternating current path in the circuit [9] .
Proposed Multiphase Topology
The proposed circuit is shown in Figure 7 . This system implements two charge pumps in parallel. The first, shown on top in the figure, is designed to output twice the input voltage 2*Vin. The second part, shown on bottom of Figure  7 , is an inverting version of the charge pump which outputsVin [10] . This inverting method is known as cross-coupling [11] . Operating these two in parallel and placing a load across the two output terminals will allow for a theoretical output voltage of 3*Vin [12] . This will achieve nearly the same goals as the 4-stage Dickson, while reducing the components required. Applying the multi-phasing technique with a 180͒ phase shift for a two phase system will help to reduce the output voltage and input current ripples. The waveforms of these switches are shown in Figures 8 and 9 . 
Simulation Results and Analysis
The design proposed in section 4 was simulated and analyzed using LTSpice. The schematic and simulation parameters are shown in Figure 10 . Note that the implemented switches include 10 milliohm on resistance. The diodes, while modeled as ideal, also incorporate an approximate 1 V drop when in the on state. Duty cycle of the switching pulses were swept to see the effects on the average output voltage, output voltage ripple, output current ripple, input current ripple, and the total harmonic distortion of the circuit. The results are shown below in Figures 11 -17 . The results from the simulation show that with multiphase, the average output voltage is 26V throughout all values of duty cycle as seen in Figure 13 . This gives a gain of S2 S4 roughly 2.6 times the input voltage. Figure 14 shows the output voltage ripple is highest at a duty cycle of 50%, but increasing or decreasing the duty cycle of the switching pulses decreases the output voltage ripple. Figure 15 shows the effect of duty cycle on the output current ripple. Similar to the output voltage ripple, a 50% duty cycle produces the highest ripple, and duty cycles lower or higher than 50% will provide lower current ripples. The input current ripple at various duty cycles seen in Figure 16 follows two parabolic curves with points of high input current ripple at duty cycles of 10%, 50%, and 95%. However, increasing or decreasing the duty cycle from each of these values decreases the input current ripple. The total harmonic distortion (THD) with respects to duty cycle is shown in Figure 17 . Similar to Figures 15 and 16 , a duty cycle of 50% generates the largest amount of THD, ignoring the outliers at the extremes of 0% and 100% duty cycle. As the simulation was completed, there were several errors and adjustments that had to be made in order to ensure convergence in the cases of the very high and very low duty cycle, hence these outliers. The high THD at 50% correlates well with the previously discussed figures, as THD is a function of the frequencies being generated, relative to the AC components. 
Conclusion
In this paper a multiphase parallel charge pump has been presented and its feasibility to achieve high output voltage has been investigated. Computer simulation was performed and results have demonstrated the capabilities of the converter to provide higher output voltage without cascading voltage doubling or other charge pump stages. It has been known that it is most detrimental to operate a parallel charge pump at 50% duty cycle, specifically in that output and input ripple as well as THD are most extreme at this point. These issues, however, are avoided with the proposed topology while offering the potential to reduce system mass and volume, as well as allowing higher operating frequencies. These improvements further allow for simpler filtering to be implemented, introducing further savings in mass, volume, and overall cost. Another future work involves hardware implementation and testing of the topology to further prove its operation. 
